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Beijing, People’s Republic of China; and Charleston, South CarolinaOBJECTIVES This study sought to determine whether a 50%-reduced radiation dose protocol using
iterative reconstruction (IR) preserves image quality and diagnostic accuracy at coronary computed to-
mography angiography (CTA) as compared with a routine dose protocol using traditional ﬁltered back
projection (FBP).
BACKGROUND IR techniques show promise to decrease radiation requirements at coronary CTA.
No study has performed a direct head-to-head, intraindividual comparison of IR algorithms with FBP
vis-à-vis diagnostic accuracy and radiation dose at coronary CTA.
METHODS Sixty consecutive subjects (45 men, 53.3  9.4 years of age) prospectively underwent cor-
onary catheter angiography (CCA) and 2 coronary CTA scans. One coronary CTA acquisition used routine
radiation dose settings and was reconstructed with FBP. For another scan, the tube current–time product
was reduced by 50%, and data were reconstructed with IR. Studies were blindly and randomly interpreted.
Image quality, radiation dose, and diagnostic accuracy were compared using CCA as the reference standard.
RESULTS Sensitivity and speciﬁcity for diagnosing $50% coronary artery stenosis on a per-segment
level were 88.5% and 92.1% with FBP and 84.2% and 93.4% with IR, respectively. On a per-patient level,
sensitivity and speciﬁcity were 100% and 93.1% with FBP and 96.8% and 89.7% with IR, respectively (all
p > 0.05). With FBP versus IR, the area under the receiver-operating characteristic curve was 0.903 (95%
conﬁdence interval [CI]: 0.881 to 0.922) and 0.888 (95% CI: 0.864 to 0.909) on a per-segment level, and
0.966 (95% CI: 0.883 to 0.996) and 0.932 (95% CI: 0.836 to 0.981) on a per-patient level, respectively
(p ¼ 0.290 and 0.330). Compared with FBP, the iterative series showed no signiﬁcant (p > 0.05) differ-
ences in image quality analyses. Median dose–length product was 52% lower for the IR protocol
compared with the FBP protocol (109.00 [interquartile range: 82.00 to 172.50] mGy$cm vs. 52.00 [inter-
quartile range: 39.00 to 84.00] mGy$cm, p < 0.001).
CONCLUSIONS Compared with a routine radiation dose FBP protocol, 50% reduced dose acquisi-
tion using IR preserves image quality and diagnostic accuracy at coronary CTA. (J Am Coll Cardiol Img
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1240oncerns over radiation doses from coronary our hypothesis that IR algorithms, applied to
computed tomography angiography (CTA)
have hastened efforts at dose optimization.
Conventional ﬁltered back projection
(FBP), the traditional method of image recon-
struction at computed tomography (CT), incurs a
trade-off between spatial resolution and image noise
(1), which limits the options for further reduction of
the radiation dose. Because of improved computer
power, several different iterative CT reconstruction
techniques have become available over recent years
that show promise of decoupling the relationship
between radiation requirements and spatial resolu-
tion to some extent, and as a common hallmark, of
substantially reducing image noise (1–5). Accord-
ingly, these algorithms are currently under intense
evaluation with the aim of further reducing radiation
requirements without incurring a loss in diagnosticMedical Scie
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nimage quality.
The iterative reconstruction (IR) algo-
rithm used in this study primarily operates
in the raw data domain. It uses initial
voxel attenuation coefﬁcients to predict
projection data and compares these pre-
dictions with actual data. Attenuation is
iteratively modiﬁed until the error between
actual and estimated data is acceptable.
Several iterations and updated correction
loops aim at improving image quality and
suppressing image noise, with the goal of
enabling the use of lower radiation dose
protocols, while maintaining diagnostic
quality. Reduced radiation, achieved
through manipulation of tube voltage and
current, decreases the density and energyof penetrating photons. Decreased photon density
and energy result in higher image noise, subse-
quently corrected with IR, reducing radiation re-
quirements. Several beneﬁts of IR algorithms for use
with coronary CTA and other CT applications have
been described (1–7). However, an intraindividual
comparison of the performance of IR algorithms
with FBP protocols vis-à-vis diagnostic accuracy
and radiation dose requirements at coronary CTA
has not been performed to date.
Accordingly, we undertook this prospective
investigation to test, in the same patient population,nces and Peking Union Medical College, Beijing, People’s R
Science and Division of Cardiology, Department of Medicine
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eceived March 3, 2013; revised manuscript received August 2, 2reduced radiation dose acquisitions, can maintain
image quality and diagnostic accuracy at coronary
CTA compared with coronary catheter angiography
(CCA) with substantial radiation dose reduction
over traditional FBP.
METHODS
Patient population. This single-center study was
approved by our hospital’s institutional ethics com-
mittee. From May to October 2012, a total of 64
consecutive symptomatic patients (45 men, age 53.3
 9.4 years) who had been clinically referred for
elective CCA because of suspected coronary artery
disease (CAD) were approached for participation,
after permission of their attending physician of
record had been obtained. Inclusion criteria were
subject age between 30 and 70 years and sinus
rhythm. Subject exclusion criteria were known
CAD, history of prior percutaneous intervention or
bypass surgery, prior reaction to iodinated contrast
materials, impaired renal function (serum creatinine
>120 mmol/l), inability to hold their breath; and
acute coronary syndrome. Of the 64 patients ap-
proached for participation, 4 refused, so that the
ﬁnal study cohort consisted of 60 patients who
provided written informed consent.
CT scanning protocols. One or 2 days before their
scheduled CCA procedure, all patients underwent
coronary CTA on a second-generation dual-source
CT scanner (SOMATOM Deﬁnition Flash,
Siemens Healthcare, Forchheim, Germany). Acqui-
sition parameters were: 2  64  0.6-mm detector
collimation and 280-ms gantry rotation time. All
studies were acquired in a craniocaudal direction at
end-inspiration. Attenuation-based tube current
modulation (CARE Dose4D, Siemens Healthcare)
was applied per default. For contrast medium
enhancement, automated bolus tracking was used
in a region of interest within the ascending aorta,
with a signal attenuation trigger threshold of 100
Hounsﬁeld units (HU) and a 6-s scan delay. We
used a triple-phase contrast medium injection pro-
tocol, which consisted of 50 to 60 ml of undiluted
contrast agent (iopromide [Ultravist] 370 mgI/ml,
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124130-ml 30%:70% mixture of contrast medium and
saline, and a 40-ml saline chaser bolus, all injected
with ﬂow rates of 4 to 5 ml/s (8). All patients un-
derwent 2 coronary CTA acquisitions within
10 min, the order of which was determined by sta-
tistical randomization software. With the exception
of the tube current–time product, all acquisition pa-
rameters, including the contrast medium injection
protocol, were kept constant between the 2 scans.The
scan protocol was chosen with the goal of mini-
mizing radiation dose in accordance with the “as
low as reasonably achievable” (ALARA) principle. In
patients with heart rates of #60 beats/min, the
prospectively electrocardiogram (ECG)-triggered,
high-pitch spiral scan mode (9) was used with a
trigger phase at 60% of the R-R interval. In pa-
tients with a heart rate between 60 beats/min and
70 beats/min, we used the prospectively ECG-
triggered, sequential acquisition mode at a diastolic
70% to 80% of the R-R interval. With heart rates
$70 beats/min, we used the prospectively ECG-
triggered, sequential acquisition mode at a systolic
35% to 45% of the R-R interval. This approach re-
ﬂects our clinical practice, where we avoid admin-
istration of beta-blockers below heart rates of 90
beats/min, but rather compensate for faster heart
rates by adaptation of the acquisition method. No
nitroglycerin was administered as part of the study
protocol. X-ray tube potential settings were ad-
justed individually for each patient, depending onFigure 1. Study Flowchart of CT Image Acquisition Protocols Accor
Sixty-four consecutive symptomatic subjects were approached for part
ﬁnal study population and underwent 2 coronary computed tomograp
ﬁltered back projection (FBP) and iterative reconstruction (IR) studies wbody mass index (BMI). The routine x-ray tube
settings for reconstruction with FBP consisted
of 120-kV tube potential with a 320-mAs tube
current–time product for patients with a BMI
$25 kg/m2, 100 kV with 370 mAs for BMI
$20 kg/m2 and <25 kg/m2, and 80 kV with
400 mAs for BMI <20 kg/m2 (Fig. 1). For the
scan acquisitions to be reconstructed with IR, the
x-ray tube current–time products were reduced by
50%, that is, to 160 mAs with 120 kV, 186 mAs
with 100 kV, and 200 mAs with 80 kV.
All coronary CTA datasets were reconstructed
with 0.75-mm section thickness, 0.5-mm recon-
struction increment, and a 200-mm ﬁeld of view. FBP
series were reconstructed with a medium-smooth tis-
sue convolution algorithm (B26f), whereas IR used the
corresponding I26f kernel. In addition, series were
reconstructed with the higher spatial frequency
B46f and I46f algorithms, because of the previously
described beneﬁcial effects of these kernels on the
evaluation of heavily calciﬁed vessels (10). Of the 5
noise suppression presets (strength 1 to 5) available
with our IR algorithm, we consistently chose the
medium-strength level of 3 in accordance with a
recent report (11).
CT volume dose index and dose–length product
(DLP) for both coronary CTA acquisitions were
recorded from the automatically generated patient
dose report. Radiation dose from CCA was not
estimated in the conduct of this study.ding to Subject BMI
icipation between May and October 2012. Sixty patients formed the
hy angiography (CTA) acquisitions. Image acquisition parameters for
ere selected according to subject body mass index (BMI).
Table 1. Baseline Patient Characteristics (n [ 60)
Age, yrs 53.3  9.4 (36–69)
Male 45 (75)
Body weight, kg 72.0  10.5 (48.0–95.0)
Heart rate, beats/min 61  8 (46–85)
Hypertension 38 (63)
Hyperlipidemia 37 (62)
Smoking 14 (23)
Diabetes mellitus 12 (20)
Angina pectoris 23 (38)
Atypical chest pain 7 (12)
Family history of CAD 17 (28)
Values are mean  SD (minimum to maximum range) or n (%).
CAD ¼ coronary artery disease.
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1242Subjective image quality analysis. All image data-
sets were transferred to a picture archiving and
communication systems (PACS) diagnostic work-
station (Advantage Windows, GE Healthcare,
Waukesha, Wisconsin). Two observers (with 22
and 9 years of experience in cardiovascular imaging,
respectively), who were blinded to the reconstruc-
tion technique and unaware of CCA results, inde-
pendently evaluated all coronary CTA studies in
random order; however, FBP and iteratively
reconstructed image series of the same patient were
presented approximately 6 weeks apart in order to
minimize reader recall bias. Both observers used
transverse sections and standardized window set-
tings (window level 300 HU, width 800 HU) to
assess image quality. The overall image quality
was graded on a 4-point scoring system (9): 1,
excellent, no artifact; 2, good, minor artifacts; 3,
moderate, artifacts, but diagnosis still possible;Table 2. Diagnostic Accuracy of Coronary CTA Studies Reconstructe
Per Segment
FBP IR F
Accuracy 91.5 (754/824) 91.9 (757/824) 91.3 (2
Sensitivity 88.5 (123/139) 84.2 (117/139) 94.5 (6
Speciﬁcity 92.1 (631/685) 93.4 (640/685) 90.4 (1
PPV 69.5 (123/177) 72.2 (117/162) 81.0 (6
NPV 97.5 (631/647) 96.7 (640/662) 96.8 (1
True positive 123 117
True negative 631 640 1
False positive 54 45
False negative 16 22
Values are % (n/total N) or n.
CCA ¼ coronary catheter angiography; CTA ¼ computed tomography angiograph
predictive value; PPV ¼ positive predictive value.and 4, poor, nondiagnostic. Image quality was
assessed on a per-vessel level, including the left
main, left anterior descending, left circumﬂex,
and right coronary arteries. For evaluation of cor-
onary artery luminal integrity, the observers used
transverse sections as well as secondary visuali-
zation methods provided by the interpretation
platform, such as maximum intensity projections,
curved multiplanar reformats, and 3-
dimensionalvolume-rendered technique. The pres-
ence of luminal stenosis $50% was assessed on a
per-segment, per-vessel, and per-patient level, us-
ing the 16-segment modiﬁed American Heart
Association classiﬁcation (12). A ﬁnal consensus
read was performed to resolve discrepancies in
interpretation between the 2 observers regarding
image quality scores and coronary artery stenosis.
CCA was performed according to standard Jud-
kins technique, using 5-F or 6-F diagnostic cathe-
ters. At least 5 projections of the left and 2
projections of the right coronary artery were ac-
quired. Two experienced cardiologists (with 23 and
16 years of experience in CCA interpretation,
respectively), who were blinded to coronary CTA
results, visually evaluated the presence of coronary
luminal stenosis and followed the same procedure
as described for coronary CTA in the preceding text
in order to resolve discrepancies in interpretation.
At both coronary CTA and CCA interpretation,
the observers recorded the reasons for nondiagnostic
segments, such as “blooming” artifacts due to heavy
calciﬁcations, motion artifacts, or a low contrast-to-
noise ratio (13). Segments that were behind com-
plete ostial occlusion of a vessel, congenitally absent
vessels, or vessels with an ostial diameter of <1.5
mm were labeled as not available per protocol.d With FBP and IR for Detecting ‡50% Stenosis by CCA
Per Vessel Per Patient
BP IR FBP IR
19/240) 90.8 (218/240) 96.7 (58/60) 93.3 (56/60)
8/73) 90.4 (66/73) 100 (31/31) 96.8 (30/31)
51/167) 91.0 (152/167) 93.1 (27/29) 89.7 (26/29)
8/84) 81.5 (66/81) 93.9 (31/33) 90.9 (30/33)
51/156) 95.6 (152/159) 100 (27/27) 96.3 (26/27)
68 66 31 30
51 152 27 26
16 15 2 3
5 7 0 1
y; FBP ¼ ﬁltered back projection; IR ¼ iterative reconstruction; NPV ¼ negative
Figure 2. High-Grade Stenosis at Coronary CTA and CCA
A 48-year-old man (body weight 95 kg, heart rate 53 beats/min) underwent 2 coronary CTA acquisitions using prospectively electrocardiogram-
triggered high-pitch spiral technique. High-grade stenosis (arrows) and noncalciﬁed plaque of the left anterior descending coronary artery are
shown on volume-rendered display (A) and maximum intensity projection in both FBP (B) and IR (C) series. The lesion is conﬁrmed by
subsequent coronary catheter angiography (D). The dose–length products were 107 mGy$cm and 55 mGy$cm for FBP and IR protocols,
respectively. Abbreviations as in Figure 1.
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1243Objective measurement. The 2 coronary CTA im-
age datasets acquired in each patient were displayed
side by side as transverse sections, using the stan-
dardized window settings as described in the pre-
ceding text. A single observer (with 2 years of
experience in cardiac CT) prescribed circular region
of interests of 100 mm2 centrally within the aortic
root at the level of the right coronary artery ostium
in order to measure CT attenuation (in HU) and
image noise, expressed as the SD of CT attenuation.
Care was taken that all measurements were per-
formed in the same location of the respective image
series. Signal-to-noise ratio was deﬁned as the mean
CT attenuation divided by image noise measured in
the aorta. In addition, regions of interest of 2 mm2
to 4 mm2 were placed in a proximal portion of the
left main coronary artery lumen, as well as in the
pericoronary adipose tissue. Contrast-to-noise ratio
was deﬁned as the difference between the mean CTattenuation within the coronary artery lumen and
within the pericoronary fat, divided by image noise.
We avoided placing regions of interests in areas
with plaque or heterogeneous regions of pericoro-
nary fat. All region-of-interest measurements were
performed in triplicate and their average used for
statistical evaluation.
Statistical analysis. Data were analyzed using SPSS
version 16.0 (SPSS, Chicago, Illinois). Continuous
variables were expressed as mean  SD, and cate-
gorical variables as frequencies or percentages.
Ordinal variables were summarized as medians and
25th and 75th percentiles. Normally distributed
variables were compared using the paired Student
t test, non-normally distributed variables using the
Wilcoxon matched-pairs signed rank test. The
McNemar test was used for categorical variables.
p < 0.05 was considered statistically signiﬁcant.
Inter-reader agreement between the 2 observers
Figure 3. Coronary CTA and CCA Studies in a Patient With Suspected CAD
A 67-year-old woman (body weight 65 kg, heart rate 69 beats/min) underwent
2 coronary CTA acquisitions using prospectively electrocardiogram-triggered
sequential technique during diastole. Curved multiplanar reformat of the left
circumﬂex coronary artery shows noncalciﬁed plaque and approximately 50%
luminal stenosis (arrows) in both FBP (A) and IR (B) series. The lesion is
conﬁrmed by subsequent coronary catheter angiography (C). The dose–length
products were 156 mGy$cm and 81 mGy$cm in FBP and IR protocols,
respectively. Abbreviations as in Figure 1.
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1244for the assessment of coronary artery stenosis at
their initial interpretation before reconciliation was
determined using Cohen’s Kappa coefﬁcient. Levels
of agreement on k values were deﬁned as follows:
k ¼ 0.81 to 1.00, excellent; k ¼ 0.61 to 0.80, good;
k ¼ 0.41 to 0.60, moderate; k ¼ 0.20 to 0.40, fair;
k < 0.20, poor. Receiver-operating characteristic
(ROC) analyses were performed to compare diag-
nostic performance. The areas under the ROC
curves along with the corresponding 95% conﬁ-
dence intervals (CIs) were calculated in MedCalc
for Windows (version 12.5, MedCalc Software,
Ostend, Belgium) and compared using the method
described by DeLong et al. (14).
RESULTS
Clinical characteristics. In the 60 subjects who
agreed to participate, all coronary CTA studies were
successfully completed without complications,
resulting in a total of 120 datasets for analysis.
Demographics and risk factors of the study popu-
lation are provided in Table 1. The mean total
contrast media volume that subjects received during
the 2 scan acquisitions was 124  5 ml. There was
no signiﬁcant difference in mean heart rate during
the 2 scan acquisitions (60  10 beats/min vs. 61 
8 beats/min, p > 0.05).
Diagnostic accuracy. Of the 960 coronary artery
segments, 782 (81%) could be evaluated on both
coronary CTA acquisitions and CCA. Fifteen
segments (1.6%) were reconciled for a mismatch
in terminology between coronary CTA and CCA
segmental designations. One hundred thirty-six
segments (14.2%) were labeled not available per
protocol on 1 or more of the 3 imaging studies
obtained in each patient and were excluded from
the statistical analysis: 107 segments (11.1%) were
<1.5 mm in diameter at the origin, 29 segments
(3.0%) were inadequately visualized on CCA be-
cause of proximal occlusion. Forty-two segments
(4.4%) were deemed nondiagnostic, consistently
by both observers: 14 segments (1.5%) could not
be conﬁdently evaluated on coronary CTA due
to a blooming artifact from heavy calciﬁcation,
and 28 segments (2.9%) had motion artifacts.
These 42 segments were classiﬁed as positive for
$50% stenosis and were included for statistical
analysis.
Luminal stenosis$50% by CCA was found in 31
of 60 patients (52%), 73 of 240 coronary vessels
(30%), and 139 of 824 (17%) coronary segments.
Of 60 patients, 4 had left main disease, 14 had
3-vessel disease, 10 had 2-vessel disease, and 7 had
Figure 4. High-Grade Coronary Artery Stenosis at Coronary CTA and CCA
A 69-year-old woman (body weight 60 kg, heart rate 73 beats/min) with suspected coronary artery disease undergoing 2 coronary CTA
acquisitions using a prospectively electrocardiogram-triggered sequential technique during systole. High-grade stenosis (arrows) and non-
calciﬁed plaque of the left anterior descending coronary artery are shown on curved multiplanar reformats in both FBP (A) and IR (B) series.
The lesion was conﬁrmed by subsequent coronary catheter angiography (C). The dose–length products were 137 mGy$cm and 63 mGy$cm in
FBP and IR protocols, respectively. Abbreviations as in Figure 1.
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1245single-vessel disease. Accuracy, sensitivity, speci-
ﬁcity, positive predictive value, and negative pre-
dictive value of coronary CTA were calculated on
per-segment, per-vessel, and per-patient levels
(Table 2). There were no statistically signiﬁcant
(p > 0.05) differences between standard radiation
dose FBP acquisitions and 50% reduced dose, IR
reconstructed series (Figs. 2 to 4) in their perfor-
mance for detecting $50% luminal stenosis by
CCA on any level.
The area under the ROC curve analysis was 0.903
(95% CI: 0.881 to 0.922) and 0.888 (95% CI: 0.864
to 0.909) on a per-segment level, 0.918 (95% CI:
0.876 to 0.949) and 0.907 (95% CI: 0.863 to 0.941)
on a per-vessel level, and 0.966 (95% CI: 0.883 to
0.996) and 0.932 (95% CI: 0.836 to 0.981) on a
per-patient level for FBP versus IR series, respec-
tively. Thus, according to ROC analysis, FBP and
IR protocols showed similar diagnostic performance
for detecting $50% luminal stenosis on every
analysis level (p ¼ 0.290, 0.551, and 0.330) (Fig. 5).
Kappa values of 0.792, 0.755, and 0.768 between
the 2 observers indicated good initial inter-reader
agreement regarding assessment for coronary artery
stenosis on the per-segment level.
Image quality. There was no signiﬁcant difference
in mean CT attenuation (419.56  102.63 HU vs.
418.23  112.16 HU), image noise (24.54  6.42
vs. 24.58  6.78), signal-to-noise ratio (17.48 
3.69 vs. 17.53  4.12), and contrast-to-noise ratio
(34.25  11.20 vs. 32.67  12.24) (all p > 0.05)
between the 2 acquisition series (Table 3).Of the 240 coronary arteries analyzed, 154 (64%)
received an image quality score of 1 and 73 (30%)
had a score of 2 in FBP series. In the iteratively
reconstructed coronary CTA studies, 150 (63%)
vessels received a score of 1 and 76 (32%) were
scored as 2. There was no statistically signiﬁcant
difference in the distribution of image quality scores
between the 2 acquisition series (p ¼ 0.552)
(Table 4).
Radiation dose. Prospectively ECG-triggered,
high-pitch spiral acquisitions were performed in
38 (63%) patients; prospectively ECG-triggered,
sequential acquisitions during diastole were per-
formed in 13 patients and during systole in 9 pa-
tients. The median DLP was 109.00 mGy$cm
(82.00 to 172.50) in FBP-reconstructed, standard
radiation dose acquisitions and 52.00 mGy$cm
(39.00 to 84.00) in 50%-reduced tube current–time
product, iteratively reconstructed coronary CTA
studies, corresponding to an overall reduction of
52% in radiation dose within our patient cohort.
Radiation dose descriptors are summarized in
Table 5 and Figure 6. Broken down by acquisition
technique, the mean DLP from prospectively
ECG-triggered, high-pitch spiral acquisitions
reconstructed with FBP was 88.39  32.19 mGy$cm
versus 42.87  15.22 mGy$cm in iteratively recon-
structed high-pitch series. For sequential, pro-
spectively ECG-triggered acquisitions in systole
and diastole, mean DLP with FBP was 226.68 
95.74 mGy$cm versus 110.14  46.06 mGy$cm
with IR.
BC
A
Figure 5. Accuracy of FBP and IR Coronary CTA Studies for Detection of ‡50% Stenosis
at CCA
Receiver-operating characteristic (ROC) curves for detection of $50% stenosis on per-
segment (A), per-vessel (B), and per-patient (C) levels are shown. The area under the curve
was 0.903 for FBP (blue line) and 0.888 for IR (red line) series on a per-segment level, 0.918
and 0.907 on a per-vessel level, and 0.966 and 0.932 on a per-patient level (all p > 0.05).
Abbreviations as in Figure 1.
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1246DISCUSS ION
Our direct, intraindividual head-to-head compari-
son in the same patient population shows that
compared with a routine radiation dose FBP pro-
tocol, a 50% reduced radiation dose image acquisi-
tion using IR preserves image quality and, more
importantly, diagnostic accuracy at coronary CTA.
These ﬁndings illustrate the potential of substantial
radiation dose reduction across the population for
coronary CTA studies, enabled by a reduced tube
current–time product when iteratively reconstructed,
without jeopardizing the diagnostic yield of the
examination.
Since its inception, radiation doses associated
with noninvasive coronary CTA had risen with each
new generation of multidetector-row CT systems
and had reached its zenith with the launch of the
ﬁrst-generation64-slice scanners in the year 2004.
With these platforms, radiation doses from coronary
CTA were reported to be as high as approximately
30 mSv, with an estimated median of approximately
12 mSv (15). Since then, vigorous efforts have
been undertaken to reduce the radiation dose from
this test. The adaptation of prospectively ECG-
triggered acquisition techniques (16), reﬁnements
in automated anatomical tube current modulation
(17), BMI-adjusted x-ray tube potentials (18), vol-
ume CT acquisition (19), and the high-pitch spiral
technique (20) are just a few of the technical in-
novations that have incrementally lowered the ra-
diation dose from cardiac CT in recent years.
Although the aforementioned approaches reduce
the dose on the data acquisition side, IR algorithms
are a post-processing option available for further
reducing radiation dose requirements at CT. These
techniques were introduced over 3 decades ago;
however, for the purpose of conventional CT, they
have only recently become clinically available owing
to algorithm improvements and increased computer
processing power. Previous work has demonstrated
image noise reduction and improved diagnostic ac-
curacy in the evaluation of heavily calciﬁed coronary
arteries via reduction of blooming artifacts with the
use of IR (21). In addition, several previous in-
vestigations explored the potential for radiation dose
reduction by comparing image quality and diag-
nostic accuracy between FBP-reconstructed full ra-
diation dose series and iteratively reconstructed
series based on image raw data containing only 50%
of the original photon count (1,6,22,23). However,
these prior studies all used specialized software to
simulate lower radiation dose acquisitions from full-
dose image raw data in lieu of scanning their
Table 3. Comparison of Objective Image Quality Parameters
Between FBP and IR
FBP IR p Values
Attenuation 419.56  102.63 418.23  112.16 0.83
Image noise 24.54  6.42 24.58  6.78 0.95
Signal-to-noise
ratio
17.48  3.69 17.53  4.12 0.94
Contrast-to-noise
ratio
34.25  11.20 32.67  12.24 0.08
Values are mean  SD.
Abbreviations as in Table 2.
Table 5. Radiation Dose Descriptors for FBP and IR Protocols
CTDIvol (mGy) DLP (mGy$cm)
FBP 6.12 (4.70–14.12) 109.00 (82.00–172.50)
IR 2.93 (2.18–7.65) 52.00 (39.00–84.00)
Total 9.03 (6.88–22.18) 161.00 (120.25–256.50)
Values are median (interquartile range).
CTDIvol ¼ computed tomography volume dose index; DLP ¼ dose–length
product; other abbreviations as in Table 2.
A
B
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1247patients twice. A direct head-to-head, intra-
individual comparison within the same patient
population for evaluating the radiation-dose savings
potential of IR techniques, or of any of the previ-
ously described technical options for radiation pro-
tection for that matter, had not been performed to
date.
The previous lack of such investigations is likely
founded in ethical concerns related to dual subject
exposure to radiation and iodinated contrast mate-
rial. However, the advent of rapid, low-radiation CT
examination strategies as used in this current study
should increasingly enable the conduct of method-
ologically strong and ethically sound compara-
tive investigations for evaluating novel techniques
aimed at enhanced patient protection, even if they
involve scanning the same subject twice. More spe-
ciﬁcally, the mean total contrast media volume of
approximately 125 ml and the median DLP of
approximately 161.00 mGy$cm that subjects
received from the 2 scan acquisitions combined are
very well within the limits of routine clinical appli-
cations, as well as of common research settings. Dual
investigation of the same subjects is likely method-
ologically stronger than studies involving, for ex-
ample, randomized population designs, because theTable 4. Image Quality Scores in Coronary CTA Studies
Reconstructed With FBP and IR
FBP IR p Values
LM 1.00 (1.00–1.00) 1.00 (1.00–1.00) 0.317
LAD 1.00 (1.00–2.00) 1.00 (1.00–2.00) 0.317
LCX 2.00 (1.25–2.00) 2.00 (2.00–2.00) 0.096
RCA 1.00 (1.00–2.00) 1.00 (1.00–1.75) 0.503
Overall 1.00 (1.00–2.00) 1.00 (1.00–2.00) 0.552
Values are median (interquartile range).
LAD ¼ left anterior descending coronary artery; LCX ¼ left circumﬂex cor-
onary artery; LM ¼ left main coronary artery; RCA ¼ right coronary artery;
other abbreviations as in Table 2.former enables a more speciﬁc and realistic evalua-
tion of a limited set of variables as in this current
study with the diagnostic performance of IR tech-
niques in lower radiation dose environments while
all other variables are kept constant. A wide spectrum
of radiation protection strategies were applied in our
patient cohort, resulting in an already rather low
median baseline radiation dose of 109.00 mGy$cm.Figure 6. Patient Radiation Dose From FBP and IR Coronary
CTA Studies
Box plots demonstrate signiﬁcant radiation dose reduction in
IR coronary CTA studies as compared with FBP reconstructed
acquisitions. Median volume CT dose index (CTDIvol) (A) was 6.12
(4.70 to 14.12) mGy and 2.93 (2.18 to 7.65) mGy in FBP versus IR
protocols. Median dose–length products (DLP) (B) were 109.00
(82.00 to 172.50) mGy$cm and 52.00 (39.00 to 84.00) mGy$cm.
Abbreviations as in Figure 1.
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1248Our study design enabled us to demonstrate
that the addition of IR techniques allows further
reduction of the median dose from coronary CTA
acquisitions to 52.00 mGy$while maintaining
strong diagnostic performance vis-à-vis CCA as the
reference standard.
Study limitations. Several limitations to our inves-
tigation merit consideration. First, because of the
scope and nature of our single-center investigation,
our patient cohort was limited in size. Larger mul-
ticenter studies would be desirable to further va-
lidate our results. In this context, it is also of
consideration that we investigated an Asian popu-
lation, who generally tend to have leaner body types
than average patients in Western societies. How-
ever, the usefulness of IR techniques in obese pa-
tients has already been suggested by prior
investigations (1,24). Second, although care was
taken to present studies in a randomized fashion
and to minimize reader recall, it is not possible to
effectively blind observers to reconstruction tech-
nique, because the image characteristics of FBP and
IR (described as “oil painting” by one of our readers)
remain rather readily distinguishable. Additionally,
CCA studies were visually evaluated by 2 experi-
enced cardiologists. A quantitative approach would
be preferable in future studies. Some of our research
methods (e.g., reconciliation reads between the 2
readers, along with performance of measurements in
triplicate) do not correspond to those that would be
applied in practice, which may inﬂuence the results.
Last, we arbitrarily prescribed a 50% reduction in
the tube current–time product and the resultant
radiation dose, which we considered a conservative,realistic clinical goal. We did not explore whether
radiation doses could be lowered even further while
still preserving diagnostic accuracy. Meanwhile,
coronary CTA with an estimated effective radiation
dose equivalent of <0.1 mSv has been suggested to
provide sufﬁcient image quality in selected patients
through the combination of prospectively ECG-
triggered, high-pitch spiral acquisition and the raw
data–based IR algorithm used in our investigation
(25). However, these promising preliminary obser-
vations are pending evaluation in more general pa-
tient cohorts and determination of their diagnostic
accuracy in comparison with outside reference
standards.CONCLUS IONS
Our study results demonstrate that the combination
of currently available radiation protection strategies
enables acquisition of highly accurate coronary CTA
studies at exceedingly low radiation doses. Our
direct head-to-head comparison within the same
patient population shows that the addition of IR
techniques allows further reduction of these already
low radiation doses by 52%, without penalties in
image quality or, more importantly, in diagnostic
accuracy compared with CCA as an outside refer-
ence standard.
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